We simulate the effect of the chaining direction of ellipsoidal particles of polar molecule dominated electrorheological (PM-ER) fluids using commercially available COMSOL Multiphysics ® software for the distribution of electric field and the total electrostatic energy. It is proved that adding ferroelectric materials to the channels parallel to the short axis would make the short axis parallel to the field direction when the ellipsoidal particles are chained under an electric field. According to our simulation, while the concentration of the channels stays constant, the greater the dielectric constant of the inserted material, the stronger the maximum local electric field will be.
Introduction
Colloidal electrorheological (ER) fluids are suspensions consisting of nanometer-sized dielectric particles in insulating oil. A reversible electrically controllable liquid-solid transition occurs in several milliseconds when the external electric field is higher than a certain value [1, 2] . Such smart materials have potentially important applications in various fields [3] . The common applications include microfluidic systems, fuel injectors, sensors, actuators, microvalves, and controllable dampers [4] [5] [6] [7] [8] [9] .
In recent years, the yield stress of ER fluids has broken the theoretical limit of traditional dielectric theory. The new theory of giant electrorheological (GER) and polar molecule electrorheological (PM-ER) effects is used to explain the giant yield stress, which is more than 200 kPa in an applied field of 3 kV mm −1 [10] [11] [12] . In the PM-ER model, the interaction between the charges and polar molecules absorbed on the particle surface is the key to the PM-ER effect [10, 13] . In this work, we will discuss the effect of ellipsoidal particles that chain according to the PM-ER theory when their short axes are parallel to the direction of the external electric field.
The result indicates that adding ferroelectric materials in the channels parallel to the short axis would make the short axis parallel to the field direction, thus increasing the yield stress of the PM-ER fluid.
Experiment
Submicrometer-sized mesoporous silica SBA-15 with a cuboid-like morphology was prepared. The channels of the material run parallel to the short axis of the cuboid-like SBA-15. A ferroelectric material, such as potassium dihydrogen phosphate (KH 2 PO 4 ), with a large dielectric constant was added to the channels. The transmission electron microscope (TEM) images of this material, whose shape is mostly cuboid, are shown in figures 1(a) and (c), respectively, with and without doping by KH 2 PO 4 . The insets in figures 1(a) and (c) are the pictures of the channel openings when the channels are aligned perpendicular to the picture plane. On the other hand, the energy dispersive x-ray spectrometry (EDS) diagrams of this material are shown in figures 1(b) and (d), respectively, with and without doping by KH 2 PO 4 . The cuboid-like SBA-15 materials were synthesized following the method reported by Bao et al [14] . Briefly, 2.4 g of tri-block surfactant P123 (M w of about 5800) was added into 84 ml of 1.07 M HCl, followed by vigorous stirring until the formation of a transparent solution. Next, 16 g of dodecane was added into the above solution and stirred for at least 1 h at 40
• C. Ammonium fluoride (NH 4 F, 0.027 g) and ethyl silicate (TEOS, 8.5 g) were added consequently into the above solution and the mixture was firstly stirred at 40
• C for 20 h followed by crystallization at 100
• C for 72 h. The cuboid-like SBA-15 was obtained by filtration, washing with water, followed by drying under ambient temperature. The as-synthesized sample was calcinated at 540
• C for 6 h to remove the surfactant. 0.5 g of SBA-15 sample was added into 26 g of KH 2 PO 4 solution with a concentration of 24 wt% followed by stirring under ambient temperature for 6 h. The solid product was obtained by filtration, washing with 10 ml of water, followed by drying at 80
• C. Intercollated ferroelectric material in channels (see figures 1(a) and (c)) parallel to the short axis, following the method reported by Cheng et al [15] , increases the yield stress of such SBA-15 material. The yield stress of SBA-15 with polar molecules in silicon oil is larger than that of SBA-15 without polar molecules. Adding ferroelectric materials to PM-ER fluid will make the long axis of the particle perpendicular to the external field direction so as to give a larger yield stress.
Theory
According to PM-ER theory [10] , the particles of PM-ER fluids have a dielectric core with high dielectric constant and a shell of polar molecules. The local electric field between two particles can cause an orientational polarization of the polar molecules absorbed on particle surfaces. Such polar molecules are relatively free for rotation and potentially can be oriented in the direction of a strong electric field [16, 17] . Ellipsoidal dielectric particles typically orient with the long axis parallel to the field. The dipole moments p ( p ⊥ ) of an ellipsoidal particle of a > b = c under E 0 (E ⊥ 0 ), an external electric field parallel (perpendicular) to the long axis a, are [18] 
where ε 2 is the dielectric constant of the liquid (dispersing media),
where the shape factor K = a/b. The notation for the particle direction can be seen in figure 2 .
If the dielectric constant of a system consisting of particles with their long axes perpendicular to the external field E ⊥ 0 is ε ⊥ i , then in this case the particle can be considered as condensers connected in parallel,
If dielectric constant of a system consisting of particles with their long axes parallel to the external field E 0 is ε i , then in this Figure 2 . Notation for the particle direction. The ferroelectric materials are inserted in the channels (striped regions) on the ellipsoidal particle, and the dielectric constants of the inserted and host materials are ε 1 and ε h .
case the particle can be considered as condensers connected in series,
Here ε 1 and ε h are the dielectric constants of the inserted and host materials, respectively, and c i is the concentration of the intercollated material with the higher dielectric constant. Substituting equations (4) and (5) in equation (1), equations (3) and (6) in equation (2), respectively, and letting equation (1) = equation (2) and
which leads to a lower limit of ε i0 , and is related to both c i and K . When the material consists solely of one material, namely either c i = 0 or 1, the all particles are chained with the long axis. There must be a suitable concentration c im when a maximum of particles are expected to be short axis chained. To find c im , one can define p as the difference of perpendicular and parallel dipole moments, and p is the major part of p: p is plotted as a function of c i in figure 3(a) . A differentiation of d( p )/dc i at given values K = 2, ε 1 = 100, ε h = 2 and ε 2 = 2.5 gives the c im = 0.275, and the corresponding maximum value of p m as shown in that section.
For a different axis ratios of K = a/b, c im , the concentrations corresponding to the maximum value of p can be found; these are plotted in figure 3(b) .
We use finite element analysis to calculate the distribution of local electric field [19] . The physical domains of the model are two ellipsoidal particles and their surroundings, as shown in figure 4 . The governing equation is Poisson's equation,
where V is the electric scalar potential, ε 0 is the permittivity of free space, ε r is the relative permittivity, and ρ is the space charge density. The electric field and the displacement are obtained from the gradient of V :
We apply potential boundary conditions to the upper and lower electrode surfaces along the external electric field, which is 
The Langevin function [20] represents a probability that polar molecules orientate along the direction of the external electric field, and it can be expressed as
where a L = μE loc /kT , E loc is the local electric field between two particles, k is the Boltzmann constant, T is the temperature, and μ is the dipole moment of polar molecules. μ = 2D, while D = 3.336 × 10 −30 C m. Next we fit the calculated result for the local electric field with a Lorentz function f (x), following the method reported by Tan et al [21] .
, where E 0 is the electric field at the center of the gap between two adjacent particles.
The electrostatic energy of the effective area [19] where the polar molecules are along the local electric field is given by Figure 6 . The distribution of local electric field norm (norm means the length of a vector in COMSOL Multiphysics ® software) between two ellipsoidal particles. The gap of the two particles is 0.1 nm, the external electric field is 1 kV mm −1 and the particle semi-axis perpendicular to the electric field a is 30 nm.
where S is the projected effective area along the E direction (see figure 4) and n is the number density of polar molecules. The total electrostatic energy is U = 2U eff + U er , where Figure 7 . The proportion of long and short axis, K , versus the proportion of the attractive force F of ellipsoidal and spherical particles, K . The gap between two particles is 0.2 nm when the external electric field is 1 kV mm −1 and the particle semi-axis perpendicular to the electric field a = 30 nm.
U er = 0.5E D is the electrostatic energy of the particles and the surrounding fluid. E is the electric field and D is the electric displacement.
Discussion
The distribution of physical quantities, including electric field, are successfully computed (see figure 5 ) using COMSOL Multiphysics ® software. As shown in figure 6 , the distribution of local electric field was calculated with finite element analysis for an ideally insulating base liquid, In the calculation, the effect of finite conductivity or conductance nonlinearity of the base liquid, which would reduce the local field in the liquid [22] , was not considered. E locA , the local electric field at center point A of the polar molecule parallel to the external field can be obtained from the local electric field distribution.
The particle-particle attractive force F ∝ U/V , so we get figure 7, where U is the total electrostatic energy when the volume of a particle remains constant. V is the volume of the surrounding box.
As shown in figure 7 , when K = a/b = 0.5, the attractive force F, which is proportional to the attractive interaction of two ellipsoid particles, is about 1.07 times larger than that of two spherical ones.
Next we discuss the particle with channel running parallel to the short axis. As shown in figure 8 , when the concentration of the channels stays constant, the greater the dielectric constant of the inserted material, the stronger the maximum local electric field will be.
We used a torque meter to test the yield stress of the cuboid-like material, both with and without the KH 2 PO 4 core. Additionally we put some isopropanolamine directly into the ER-fluid sample as a polar molecule to enhance the stress. The results are shown in figure 9 . Polar molecules did enhance the stress, and both with and without the molecules, the stress of the KH 2 PO 4 cored one is higher.
Conclusions
The axis chained ellipsoidal particles of polar molecule dominated electrorheological fluids is simulated using the COMSOL Multiphysics ® software and the distribution of electric field and the total electrostatic energy is computed. The notation of the particle direction is studied to get a suitable concentration of ferroelectric materials where the maximum number of particles are expected to be short axis chained. When K = a/b = 0.5, the attractive force F, which is proportional to the attractive interaction of two ellipsoid particles, is about 1.07 times larger than that of two spherical ones. Adding ferroelectric material in the channels parallel to the short axis would make the short axis parallel to the field direction, thus increasing the yield stress of PM-ER fluid, and adding polar molecules also increases the yield stress. The experimental values match the predicted theoretical values in magnitude. Extended experiments concerning materials with different dielectric constants and concentrations of ferroelectric material will be discussed in the near future.
